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ABSTRACT: In order to meet the requirement, namely rapid 
non-overshoot response and good robustness for parameters 
and load, a new composite nonlinear feedback (CNF) control 
based on model compensation is proposed for permanent 
magnet synchronous motor (PMSM) position tracking control 
system. Considering the contradictions high-gain linear 
feedback with overshoot, a second nonlinear feedback 
controller was used to realize rapid and non-overshoot response 
of system. And the stability of discrete composite nonlinear 
feedback with input saturation was also deducted respectively 
in detail. With poor robustness for parameters and load of 
normal CNF control, a model compensation algorithm offered 
by the affine projection was adopted. Finally by means of 
simulation and experiment show that the new composite 
control method has very good dynamic and static performance, 
furthermore excellent robustness for parameter and load. And it 
is suitable to realize high performance position tracking control 
for PMSM. 
KEY WORDS: permanent magnet synchronous motor 
(PMSM); composite nonlinear feedback; stability; model 
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滞后过程，影响参数和负载辨识收敛快速性，且











1  模型补偿组合非线性反馈位置控制 
1.1  组合非线性反馈位置控制 



















min{iq, |iqmax|}；iqmax 为 q轴电流输入量最大幅值。 
取零负载转矩，线性状态反馈控制下伺服系统
离散状态方程为 
( 1) ( ) sat[ ( )]
( ) ( )
k k r k
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式中：x(k)[(k) (k)]T；uLFx(k)Gr 为线性控制
输入量；F 为线性反馈增益矩阵；A、B、C 为系统
离散相对应的系数矩阵；r 为参考输入。选择 F 使
线性状态反馈输入|GrFx(k)|iqmax 和 ABF 霍尔维
茨稳定。为确保伺服系统渐近跟踪给定常参考输
入、无稳态误差，即 
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证明  定义新状态误差变量 e( ) ( )k k x x X ，线性
控制律等价为 
L e[ ( ) ]u k r  F x X G            (3) 
将式 (3)和状态稳态值 Xe 代入系统状态方    
程(1)，得 
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那么输入幅值受限情况下，CNF 有以下 3 种情况： 
1） TL max( , ) ( + ) qu r y i B P A BF x  
将 T ( )  B P A BF x代入式(6)计算得 
T 1 T T
P(2 )V   
   B PB x W x   
取 1 T2 0  B PB ，则 0V  。 
2） TL max( , ) ( ) qu r y i   B P A BF x  
推出 TN max L( ) 0qu i u      B P A BF x ，则
T ( ) 0 B P A BF x ，式(6)计算得 
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取 1 T2 0  B PB ，则 0V  。 
3） TL max( , ) ( ) qu r y i  B P A BF x  
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可推出 TN max L( ) 0qu i u      B P A BF x ，
则 T ( ) 0 B P A BF x ，式(6)计算得 
T 1 T T T
P N N
T T 1 T
P N
2
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 
   
取 1 T2 0  B PB ，则 0V  。 
因此可推导出上述 3 种情况下V 负定，即控
制律为 TL ( , ) ( ) ( )u u r y k  B P A BF x ，且负非线
性函数满足 1 T2 0  B PB 时，所有起始于吸引域 
内的轨迹最终渐近收敛到稳态点，即 
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结构如图 1 所示。模型自适应补偿实现过程如下： 
1）电机机械运动方程数字离散化： 
L( ) ( 1) ( 1) ( 1)qk k i k T k          
式中：离散化参数 s( / )e BT J  ； t (1 ) /K B   ；
t/ K  ；Ts 为采样离散周期。以仿射投影算法对 
z1 
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图 1  模型自适应补偿组合非线性反馈位置控制结构图 
Fig. 1  Structure of composite nonlinear feedback 
position control with model compensation 
参数和负载在线观测，则得到的各参数必满足： 
L
ˆ ˆˆ ˆ ˆ( ) ( ) ( 1) ( 1) ( 1)qk k k i k T k              (7) 
根据图 1，实际转矩电流为 
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式(9)可简化为 
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ˆˆ ( ) /k K  和 ( 1)k  ( 1)qi k  作为观测器的输
入量，而 ̂ 、 ̂ 、 L̂T 为连接权。假设 ˆ( )k 变化缓
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2  仿真与实验 
2.1  标称模型下 CNF 控制器设计 
本伺服实验系统中永磁同步电机参数为：绕组
电阻 12.4 ，电感 39.1 mH，转子磁链 0.082 5 Wb，
极对数 4，转动惯量 1.67105 kgm2，摩擦系数
4.831105 Nms，电流输入限幅 1.5 A，逆变器频率
5 kHz。考虑电流输入幅值受限永磁同步电机位置离
散系统： 
1  0.000 2 0.000 5
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2.2  仿真结果与分析 
取负载为 0.2 Nm，电机参数为标称参数，以补
偿线性控制、CNF、补偿 CNF 分别控制该位置伺服
系统跟踪给定位置 5 rad，各控制效果如图 2 所示。 
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图 2  不同控制策略下控制效果曲线 
Fig. 2  Curves of different control strategies 
曲线平滑的趋于零，且当输出位置接近给定值时，
速度无反转，很好克服位置超调； 










静态误差，而补偿线性反馈控制和补偿 CNF 对转 
动惯量具有很强的自适应和鲁棒性，补偿 CNF 效
果最理想，能很好克服超调。 
2.3  实验 
该实验平台处理器为 TMS320LF2812，增量式






性反馈控制和 CCNF 控制策略。 
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(c) 补偿 CNF 各控制量与 q 轴电流曲线
i/
A
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图 3  7 倍转动惯量时不同控制策略下控制效果曲线 
Fig. 3  Curves of different control 
strategies as 7 times inertia 
系统跟踪给定位置 7 000 个脉冲边沿计数，空
载，2 种控制策略实验控制效果曲线如图 4 所示，
图 4(a)、(b)为 2 种控制策略位置跟踪曲线和稳态局
部放大曲线，线性反馈控制存在超调，且位置静态
误差 240 左右脉冲边沿计数，稳态波动为 4 个脉冲
边沿计数，而补偿 CNF 位置无超调、无静态误差，













控制器 q 轴电流输出控制量约为 0.2 A；补偿 CNF
能很好克服电机转动惯量和负载变化，在控制器参
数不变情况下，位置超调 0.6%，无静态误差，由于
非线性反馈和模型补偿，位置稳态波动仍为 1 个。 





















(b)  2 种控制策略位置稳态放大曲线  














(c)  2 种控制策略速度曲线 




















图 4  2 种控制策略下实验曲线 
Fig. 4  Experiment curves of two control strategies 
图 6 为空载和带磁粉制动器时，系统模型补偿
负载观测和观测跟踪误差曲线，其中误差曲线为观 
















(b)  2 种控制策略位置稳态放大曲线
























(c)  2 种控制策略速度曲线  
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(d)  2 种控制策略 q 轴电流曲线  
图 5  转动惯量变化时 2 种控制策略下实验曲线 
Fig. 5  Experiment curves of 
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图 6  观测器误差和负载观测曲线 
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Permanent Magnet Synchronous Motor Position Control Using Composite 
Nonlinear Feedback With Model Compensation 
JIANG Xuecheng, PENG Xiafu, HE Dongwei 
(College of Information Science and Technology, Xiamen University) 
KEY WORDS: permanent magnet synchronous motor (PMSM); composite nonlinear feedback; stability; model compensation; 
robustness; affine projection algorithm (APA) 
The permanent magnet synchronous motor 
position control is a complicate system with parameter 
variable, load disturbance and nonlinearity. It requires 
rapid response and non-overshoot. A single control 
strategy can hardly get ideal control effect. So 
combining different control strategies together to 
improve performance of PMSM position control is a 
research hotspot.  
In order to meet the requirement of rapid 
non-overshoot response and good robustness for 
parameters and load, a new composite nonlinear 
feedback (CNF) control method based on model adaptive 
compensation is proposed for the PMSM position 






























Fig. 1  Structure of CNF position control with  
APA model compensation 
As the illustration in Fig. 1, the second nonlinear 
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(1) 
where ( , )r y is any nonpositive function locally 
Lipschitz in y, which is used to change the system 
closed-loop damping ratio as the output approaches 
the step command input. The application of nonlinear 
feedback controller can deal with the contradictions of 
high-gain linear feedback with overshoot. 
But normal CNF position control has poor 
robustness for parameter variable and load disturbance. 
On account of these problems, a model adaptive 
compensation algorithm offered by the affine projection 
is adopted. With the help of on-line compensation, the 
real position control system is equivalent to a normal 
system without load disturbance and parameter 
variable. According to sufficient condition of APA 
model compensation, the compensation function 




ˆˆ[ ( )] / ( )
G k






        (2) 
where m and m are nominal parameters, ˆ( )a k and 
ˆ( )k are parameters estimated by APA. 
 





 model compensation CNF 












Model compensation CNF 




Fig.3   Position-tracking curves of two strategies as load 
The proposed method overcomes normal CNF’s 
poor adaptability on parameters and load. The no-load 
experimental result shows that the position control 
system does not have any steady state error or rapid 
non-overshoot response, which is given in Fig. 2. 
Furthermore, the load experimental result shows that 
the position control system also has excellent 
robustness for parameter and load, which is given in 
Fig. 3. And CNF control based on model adaptive 
compensation is suitable to realize high performance 
position tracking control for PMSM. 
